The contents of lead, cadmium, chromium, copper, and nickel were determined in 25 tea samples from China, including green, yellow, white, oolong, black, Pu'er, and jasmine tea products, using high-resolution continuum source graphite furnace atomic absorption spectrometry. The methods used for sample preparation, digestion, and quantificational analysis were established, generating satisfactory analytical precisions (represented by relative standard deviations ranging from 0.6% to 2.5%) and recoveries (98.91e101.32%). The lead contents in tea leaves were 0.48e10.57 mg/kg, and 80% of these values were below the maximum values stated by the guidelines in China. The contents of cadmium and chromium ranged from 0.01 mg/kg to 0.39 mg/kg and from 0.27 mg/kg to 2.45 mg/kg, respectively, remaining in compliance with the limits stipulated by China's Ministry of Agriculture. The copper contents were 7.73e63.71 mg/kg; only 64% of these values complied with the standards stipulated by the Ministry of Agriculture.
Introduction
Tea is one of the most widely consumed beverages in the world and is produced from the dried leaves of Camellia sinensis. Drinking tea might help reduce serum cholesterol, provide antiaging activities, and decrease the risks of both cardiovascular disease and cancer [1] . However, heavy metal contaminants might accumulate during tea growth, transportation, packaging, and processing. Heavy metals are harmful to human health. Lead (Pb), for instance, has carcinogenic properties, and it impairs both the respiratory and digestive systems and suppresses the immune system; this metal is particularly harmful in children, damaging their intelligence and nervous systems [2e5] . Cadmium (Cd) accumulates easily in the circulatory system, kidney (especially the renal cortex), lung, and heart, and is toxic to bones and gonads. These risks are recognized by the International Agency for Research on Cancer and the National Toxicology Program, and Cd has been classified as a Group 1 carcinogen [5e12]. Chromium (Cr) can exist in several oxidation states. Hexavalent chromium (VI) is highly soluble and mobile and is harmful to the skin, liver, kidney, and respiratory organs [13] , causing various diseases, such as dermatitis, renal tubular necrosis, perforation of the nasal septum, and lung cancer [14] . Cr is also a Category 1 carcinogen according to the International Agency for Research on Cancer and the National Toxicology Program [11, 12] . Excessive copper (Cu) intake can cause nausea, vomiting, kidney failure, blood cell damage, and central nervous system inhibition [15] . Nickel (Ni) is primarily accumulated in the spinal cord, brain, and organs due to its mutability and carcinogenicity [16] . Ni is also a Category 1 carcinogen [11, 12] . Numerous techniques have been employed to analyze the heavy metal contents in tea, including flame atomic absorption spectrometry (FAAS) [17, 18] , graphite furnace atomic absorption spectrometry (GFAAS) [19, 20] , inductively coupled plasma atomic emission spectroscopy (ICP-AES) [21] , and inductively coupled plasma mass spectrometry (ICP-MS) [22] . GFAAS is a useful tool for studying trace metals because it is highly accurate, sensitive, and selective. Ning et al [20] investigated the Pb, Cd, and Cu contents in 30 brands of Chinese Pu'er tea using GFAAS and observed that the Cu content (12.22e22.22 mg/kg) was the highest. Khakhathi et al [23] quantitatively determined the content of Cr(VI) in tea leaves and infusions of black, green, and herbal teas using GFAAS, and found that black tea contained more total Cr content than green and herbal teas.
High-resolution continuum source atomic absorption spectrometry (HRCS-AAS) achieves its high resolution using a double monochromator with a prism for predispersion and an echelle grating for highest resolution [24] . HRCS-AAS analysis employs only one light source (a xenon lamp) for all elements and all available wavelengths instead of several dozen of hollow cathode lamps used for conventional line source AAS. It has been used extensively to analyze trace heavy metals in foods, beverages, and other samples owing to its high sensitivity, good accuracy, and wide applicability. For example, Boschetti et al [25] quantified 10 elements in Brazilian red wines using HRCS-FAAS; the limit of detection (LOD) ranged from 0.005 mg/L to 4.4 mg/L. Previously, we determined the Pb content in human hair using the direct solid sampling HRCS-GFAAS [26] and found that the Pb levels increased from the root to the tip of the hair strands. The LOD and recovery of this method were 0.82 ng/g and 98.7e103.1%, respectively. Sun et al [27] determined the Pb, Cd, Cu, and Ni contents of the Tonghui River in Beijing, China, using cloud point extraction combined with HRCS-AAS and suggested that the concentration of heavy metals in the water might originate from the industrial factories near the river. In this study, the contents of Pb, Cd, Cr, Cu, and Ni in green, white, yellow, black, oolong, Pu'er, and jasmine tea were determined using HRCS-AAS.
2.
Materials and methods
Instruments and reagents
A ContrAA 700 (Analytik Jena AG, Jena, Germany) highresolution continuum source atomic absorption spectrometer equipped with a short-arc xenon lamp, a high-resolution double echelle grating monochromator, and a charge-coupled device array detector was used. An MPE-60 autosampler for liquid samples was installed on the GFAAS. High purity argon (99.999%) was supplied as the protective and purge gas. were used as chemical modifiers for the determination of the Pb, Cd, Cr, Cu, and Ni levels. The reagents were of analytical grade, and all solutions were prepared using deionized water (18.2 MU/cm) produced using a PureLab Prime system (PALL, Washington, NY, USA). All containers and glassware were cleaned by soaking in the 5 mol/L HNO 3 for at least 24 hours and rinsed three times with deionized water prior to use.
Sample preparation
After drying to a constant weight, the tea samples were ground into powder. Approximately 0.25 g of dried tea powder was weighed and added into the polytetrafluoroethylene digestion vessel with 7 mL of concentrated HNO 3 and 1 mL of hydrogen peroxide (H 2 O 2 ). Subsequently, the samples were digested using a two-step temperature program. During the first step, the temperature was linearly increased to 190 C over 10 minutes; the maximum power of the rotating magnetron was 1000 W. During the second step, the temperature was maintained at 190 C for 30 minutes. After digestion and cooling, each solution was evaporated to~2 mL and diluted with deionized water in a 50 mL volumetric flask for the GFAAS analysis. The results were reported as the average of three repeated measurements, and all digestions were conducted in triplicate.
Analysis conditions
The .0 mg/L for Cu. These solutions were prepared daily using appropriately diluted dilutions of the stock standard solutions. Next, 20 mL of the sample solution or the standard solution was transferred to GFAAS together with the modifiers. The conditions and temperature programs for determining the Pb, Cd, Cr, Cu, and Ni levels are shown in Table 1 .
3.
Results and discussion
Conditions of microwave digestion
Wet digestion and microwave digestion are commonly used for sample digestion when analyzing trace metals with AAS. The latter was chosen for this study because of its advantages including less sample pollution, limited analyte evaporation, lower acid consumption, shorter digestion time, and significant blank value reduction [28] . The tea samples were mixed with the digestion agents (HNO 3 and H 2 O 2 ) and sealed under high pressure. In the acidic digestion mixture, H 2 O 2 decomposed to form high-energy reactive oxygen, and the HNO 3 degraded to form catalytically active NO 2 . Reactive oxygen and NO 2 accelerate the oxidation process and improve the sample digestion. In this work, a mixture of HNO 3 eH 2 O 2 (volume ratio 7:1) was used to digest the powdered tea samples to colorless and transparent liquid.
Optimization of temperature program
The temperature program of the GFAAS analysis included four steps, including drying, pyrolysis, atomizing, and clean. Using a ramped temperature program including slow heating for drying might prevent the loss of analytes. Pyrolysis removed all or most of the coexisting elements while minimizing analyte loss. Excessively high pyrolysis temperature may cause analyte loss, sensitivity reduction, and poor repeatability, while low pyrolysis temperature will generate high background absorption values [29] . During atomization, the target elements were turned into atomic vapor at the ground state. Appropriate atomization temperatures completely evaporate the analytes without leaving residue, and prolong the life of the graphite tubes. In this work, the pyrolysis and atomization temperatures were optimized for the five heavy metals. The pyrolysis and atomization temperature curves are shown in Fig. 1 . For Pb, Cr, Cd, Cu, and Ni, the optimal pyrolysis temperatures were 900 C, 650 C, 1400 C, 1100 C, and 1200 C, respectively; and the optimal atomization temperatures were 1500 C, 1400 C, 2300 C, 2000 C, and 2300 C, respectively.
Matrix modifiers are widely employed in heavy metal analysis with GFAAS because they can improve the thermal stability of the analytes and reduce the matrix interference by facilitating the volatilization of the sample matrix in the graphite tube [30] . A suitable matrix modifier is necessary for applying high pyrolysis temperatures to eliminate the matrix effects before atomization, as well as reduce interference and background signal [30] . NH 4 H 2 PO 4 and Mg(NO 3 ) 2 are frequently used as chemical modifiers for determining heavy metals in food, and biological and environmental samples using GFAAS [31e35]. A method for measuring Cr(VI) and Cr(III) contents in water samples was developed using electrothermal atomic absorption spectroscopy (ETAAS) with Mg(NO 3 ) 2 as a modifier by de Blas et al [36] . Kim [33] determined Cd and Pb in wines using GFAAS with NH 4 H 2 PO 4 and Mg(NO 3 ) 2 as the matrix modifiers. Vinas et al [32] used NH 4 H 2 PO 4 as a matrix modifier when determining the Cd and Pb contents in food colorants. Zacharia et al [37] reported the determination of Pb in wine by ETAAS using palladium (II) nitrate and Mg(NO 3 ) 2 as the matrix modifiers. Acar [38] measured the level of Cd, Pb, Cu, iron, and zinc in Turkish dietary vegetable oils and olives using ETAAS and FAAS with a ScþIrþNH 4 H 2 PO 4 mixture as the modifier. de Jesus et al [39] determined the Pb contents in vegetable-based foods by ETAAS using 5 mg of NH 4 H 2 PO 4 as a chemical modifier. A report also showed that 5 mg of Pd (applied as nitrate) with 3 mg Mg(NO 3 ) 2 was the most efficient modifier while determining the Cd, Cr, Cu, and Pb contents in honey using GFAAS [40] . In our previous study [26] , NH 4 H 2 PO 4 was used as a modifier for determining Pb levels in human hair. In this work, a 10 g/L NH 4 H 2 PO 4 solution was used as a modifier for the analysis of Pb and Cd; a 1 g/L Mg(NO 3 ) 2 solution was used for Cr, and a 0.5 g/L Mg(NO 3 ) 2 solution was used for Cu and Ni. After adding the modifiers, the pyrolysis temperatures were 900 C, 650 C, 1400 C, 1100 C, and 1200 C for Pb, Cd, Cr, Cu, and Ni; the atomization temperatures were 1500 C, 1400 C, 2300 C, 2000 C, and 2300 C, respectively (see Table 1 ). Fig. 1 shows the pyrolysis and atomization temperature curves of the five heavy metals after adding varying amounts of the appropriate modifier. The absorbance values observed after adding the modifiers were much higher compared with those samples without modifiers. The results indicated that the optimal amount of modifier was 5 mL for the five heavy metals. 
Method validation
The . Table 2 lists the linear and nonlinear calibration curves that were automatically generated using the Aspect CS software (Aspect CS1.5.6, Analytic Jena AG, Jena, Germany). Obviously, the R 2 values of the nonlinear curves are higher than those of the linear curves. Therefore, nonlinear calibration curves (see Fig. 2 ) with R 2 > 0.998 were selected for quantifying the Pb, Cd, Cr, Cu, and Ni in tea.
To evaluate the influence of the entire procedure on the measured results, the recoveries of the five heavy metals were 
studied. Four quality control samples were prepared by adding various amounts (0 mL, 10 mL, 20 mL, and 30 mL) of the standard solution mixtures (containing 100 mg/L Pb, 1 mg/L Cd, 10 mg/L Cr, 100 mg/L Cu, and 50 mg/L Ni) to quadruplication of tea sample 12 (0.25 g for each), respectively. The concentrations of the five heavy metals in QC samples were analyzed six times to determine the relative standard deviation and the recovery of the method. The recovery was calculated as shown in j o u r n a l o f f o o d a n d d r u g a n a l y s i s 2 4 ( 2 0 1 6 ) 4 6 e5 5 formula (1). As listed in Table 3 , the recoveries ranged from 97.2% to 101.1% for Pb, from 97.7% to 99.0% for Cd, from 98.4% to 102.3% for Cr, from 98.7% to 104.1% for Cu, and from 96.7% to 98.2% for Ni. The precision represented by relative standard deviation ranged from 1.7% to 6.5%.
Recovery ¼ (determined concentration with addition of standards À determined concentration without standards)/added concentration Â 100%
To validate the accuracy of this method, the contents of the five heavy metals in a certified reference material of a green tea sample were determined using the same method as the tea samples. As shown in Table 4 , the determined concentrations were in good agreement with the certified values. The recovery, precision, and accuracy indicate that the quantitative methods employed in this work are appropriate for measuring the trace amounts of heavy metal in tea.
The LODs were calculated as three times the standard deviation of the reagent blank readings. The standard deviation was obtained from 20 analyses of the blank, which only contained 0.5% (v/v) HNO 3 and modifiers, using the same temperature program as that used for the tea samples. The LODs were 1.04 mg/L for Pb, 0.098 mg/L for Cd, 1.24 mg/L for Cr, 3.44 mg/ L for Cu, and 1.76 mg/L for Ni. The sensitivity of the method utilized in this work was higher than those achieved by FAAS or ICP-AES in previous studies. Salahinejad and Aflaki [41] determined the contents of some toxic and essential mineral elements in black tea leaves and infusions obtained from markets in Iran using ICP-AES, and the LOD ranged from 2 mg/L to 50 mg/L. Narin et al [42] applied FAAS to determine the Pb, Cd, Cr, Cu, and Ni contents in black tea produced in Turkey, and the detection limits were 100 mg/L, 50 mg/L, 110 mg/L, 60 mg/ L, and 110 mg/L, respectively. The LOD of the method obtained in this work was comparable to those achieved in previous study using ICP-MS. Ahmed et al [43] determined the level of Pb in green tea using ICP-MS, and the LOD was 0.3 mg/L.
Application of the proposed method
Tea samples were analyzed using the proposed HRCS-GFAAS method. The contents of the five heavy metals in the tea samples are listed in Table S1 and graphically summarized in Fig. 3 A) , while the highest content was found in green tea (sample Maojian B). As shown in Fig. 4 , green tea had a higher Cu level than the other types of tea, and oolong tea had the lowest Cu level on average. Table S2 compares the heavy metal contents in tea from different parts of the world. The Cu levels in the green tea from India and Japan ranged from 23.1 mg/kg to 36.5 mg/kg [44] and from Turkey Cu levels were reported to range from 6.39 mg/kg to 9.84 mg/kg [45] (see Table S2 ). These were much lower than the levels detected in this study. Han et al [46] reported that the levels of Cu in green, oolong, black, and other teas from China ranged from 2.06 mg/ kg to 239.02 mg/kg, from 3.44 mg/kg to 29.82 mg/kg, from 2.04 mg/kg to 447.50 mg/kg, and from 4.49 mg/kg to 38.07 mg/ kg, respectively. In this work, the level of Cu in white tea is 19.59 mg/kg, which is consistent with the literature values reported for 28 white tea samples from China and Japan (10e26 mg/kg) [47] . Although Cu is an essential element for human health, excessive intake can impair organs and systems in the human body, possibly causing serious symptoms, 
including nausea, vomiting, hemolytic jaundice, kidney failure, and central nervous system depression [15] . Therefore, the maximal content of Cu in tea is limited in some regulations. According to the regulations imposed upon tea in Japan (100 mg/kg) and the United States (150 mg/kg) [20] , the determined levels of Cu in the tea samples were all below the limits. However, according to the Industrial Standard (NY/T 288-2012) of China's Ministry of Agriculture (MOA) [48] , the Cu content is limited to 30 mg/kg. The Cu contents in nine samples exceeded the statutory limit, including five green tea samples, one yellow tea sample, one black tea sample, one Pu'er tea sample, and one jasmine tea sample. The Cu contamination in these tea samples may be attributed to the excessive application of the Cu-bearing Bordeaux mixture to prevent plant diseases and the copper tools used during the manufacturing process [49] . Ni is nutritionally essential as a trace element for several animal species, microorganisms, and plants [50] . However, excessive Ni intake by consuming tea with Ni contents above a certain threshold is harmful to humans [51e53]. An important adverse health effect of Ni is a skin disorder known as "nickeleczema" [54] . As shown in Fig. 4 , white tea contained the highest level of Ni (13.41 mg/kg on average), followed by yellow tea (12.59 mg/kg on average). Sample 13 (Jinjunmei) in black tea had the lowest Ni level (2.70 mg/kg), and all oolong tea samples also had relatively low Ni levels (3.87 mg/kg on average). Nookabkaew et al [22] reported that the Ni content in black tea from Thailand ranged from 2.28 mg/kg to 9.19 mg/kg. Seenivasan et al [55] measured the Ni content in black tea from India (0.4e9.2 mg/kg), finding values similar to those (2.70e9.31 mg/kg) in the black tea in this work, while still higher than the black tea samples from Turkey (3.52e5.70 mg/ kg) determined by Soylak et al [45] . The Ni levels in the oolong tea from Indonesia and China were 1.88e3.33 mg/kg [44] , which were much lower than those determined in this work. The Ni in tea plants mainly originates from foliar and soil applications of low quality fertilizers and micro nutrients [56] . However, there are not enough regulations for the Ni levels in tea.
The Pb levels ranged from 0.48 mg/kg to 10.57 mg/kg and averaged 3.04 mg/kg. The lowest Pb content was found in jasmine tea (0.48 mg/kg), while the highest was found in green tea (10.57 mg/kg). As shown in Fig. 4 , the average Pb content in the green tea (4.75 mg/kg) was approximately nine times that of the white tea (0.51 mg/kg on average) and twice that of the oolong tea (2.45 mg/kg on average). The Pb contents obtained in this study were significantly higher than those determined by Al-Othman et al [18] , which ranged from 3.9 mg/kg to Fig. 3 e Lead, cadmium, chromium, copper, and nickel contents in tea samples determined with high-resolution continuum source-graphite furnace atomic absorption spectrometry. Cd ¼ cadmium; Cr ¼ chromium; Cu ¼ copper; Ni ¼ nickel; Pb ¼ lead. Fig. 4 e Distribution of the lead, cadmium, chromium, copper, and nickel contents in the seven types of tea. Cd ¼ cadmium; Cr ¼ chromium; Cu ¼ copper; Ni ¼ nickel; Pb ¼ lead. 
8.7 mg/kg in the tea samples from Jazan and Jeddah, Saudi Arabia. Moreover, as listed in Tables S1 and S2 , the Pb contents in green tea from Japan and Serbia were reported as 0.11e1.93 mg/kg and 0.350e3.53 mg/kg, respectively, which were also lower than those determined in this study [57e59] . The Pb contents in the black teas ranged from 1.88 mg/kg to 5.63 mg/kg, similar to those in black teas (1.46e5.64 mg/kg) from Turkey [60] , lower than those from India and Iran [61e63], and higher than those from Bangladesh, Burundi, Japan, Ceylon, Russian, Serbia, and Saudi Arabia [58, 59, 64] (Table S2) . Tea plants are possible to be contaminated by absorbing Pb from the soil, water, and atmosphere, accumulating high Pb levels in the tea leaves [64] . The Pb content in commercial tea leaves raises concerns for both consumers and producers. According to the limit for the Pb content in tea leaves stipulated by the Chinese National Standards (GB 2762-2012) [65] , the Pb contents in five samples exceeded the maximum residue limits (5 mg/kg), including three green, one black, and one Pu'er tea sample. The high Pb contents in those five tea samples may be attributed to the use of older tea leaves [61] and contamination from dust particles during processing [56] .
The mean Cr content was 0.98 mg/kg; the lowest content was found in oolong tea (0.27 mg/kg), and the highest was found in black tea (2.45 mg/kg). The determined Cr contents in oolong tea were similar to those obtained from South Africa (0.46e1.60 mg/kg) [23] . The Cr contents in black tea ranged from 0.90 mg/kg to 2.45 mg/kg, similar to those found in black tea from Turkey (1.16e2.87 mg/kg) [60] . On average, the Cr contents determined in this work were lower than those from South Africa, South India, and Bangladesh [23, 55, 58] , but much higher than those from Iran [50] (see Table S2 ). According to the standard (NY 659-2003) enacted by the MOA of China [66] , the maximum residue limit for Cr in tea is 5 mg/kg. The Cr contents in the 25 tea samples all satisfied this criterion.
The average Cd content was 0.08 mg/kg (range, 0.01e0.39 mg/kg). The lowest Cd level was found in black tea, while the highest was found in Pu'er tea. The Cd contents of six green tea samples, ranging from 0.04 mg/kg to 0.11 mg/kg, were similar to those in green tea (0.051e0.114 mg/kg) from China and Japan [58] . The Cd levels in oolong tea ranged from 0.04 mg/kg to 0.10 mg/kg, and were lower than those in the oolong tea samples (ND-0.23 mg/kg) reported by Han et al [46] . Phosphate fertilizer applied to soil is a significant contributor of Cd contamination [67] . According to the MOA standard (NY 659-2003) [66] , the Cd limit in tea is 1 mg/kg. The determined contents of Cd in the 25 tea samples all satisfied this criterion.
Conclusion
In this study, the contents of Pb, Cd, Cr, Cu, and Ni in tea produced and marketed in China were analyzed using HRCS-GFAAS. The Pb, Cu, and Ni levels in green tea were much higher than those in the other types of tea; the highest total content (76.47 mg/kg) was found in the Maojian tea (sample 4). The Cd, Cr, Cu, and Ni levels and the total contents in oolong tea, particularly the Tieguanyin sample (sample 9), were much lower than those of the other types of tea. The Pb, Cd, Cr, Cu, and Ni contents in oolong tea fell below the limit stipulated in the related standards (GB 2762-2012, NY 659-2003, and NY/T 288-2012), while the Pb and Cu contents in the green tea samples, as well as a few black, Pu'er, and jasmine tea samples, exceeded the limit. Consequently, more attention must be paid to the health risks of heavy metal contamination in tea. The quantitation method established in this work will assist in establishing regulations to control the heavy metal contents in tea. Meanwhile, the results lay a foundation for preventing heavy metal toxicity in humans from drinking tea.
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